Air filters produced with charged, or electret, media for HVAC filtration applications have gained significant market share and acceptance over the past few years. While these filters provide the advantage of high initial efficiency and low pressure drop, there are concerns about their ability to maintain efficiency in service. Furthermore, there is a tendency to classify all electret media in the same general category without any consideration of media structure, fiber size, and charging technique. Current research suggests that a variety of factors influence the loss of efficiency in use including humidity, exposure to certain chemicals, aging, temperature, and etc. While this is true of some charged media, the effect of environmental factors on filtration performance is highly dependent upon the media technology itself. This paper provides an overview of current electret media types detailing media structure and charging techniques. Fundamental impact of environmental factors on filtration performance is presented along with field studies detailing in-use performance of filterers manufactured with charged media.
INTRODUCTION Electrets and Electrostatically Charged Filtration Media Charging Techniques (Electret Forming Methods)
An electret is broadly defined as a dielectric material, which exhibits an external electric field in the absence of an applied field (1) . Many researchers have likened this definition with that of a magnet, noting that an electret is the electrical equivalent of a magnet. The charging techniques used in the formation of electrets vary widely, and are dependent on the physical form of the dielectric (i.e. film, fiber, foam, or nonwoven), and the type of electret that one is attempting to make. In order to fully describe and understand the different charging methods it is important first to briefly talk about the different types of electrets that make up this important class of materials.
Types of Electrets
Electrets can be divided into two distinct categories of materials. Space charge electrets are those that possess an injected or imbedded charge within the dielectric (1) . Dipolar electrets, as their name suggests, are formed by the orientation of dipoles (i.e. polar groups) within the dielectric (1) . Space charge electrets are typically formed by techniques that deposit or inject charge directly into the dielectric material. Dipolar electrets are formed, or polarized, by the application of an electric field to the material either at ambient temperature, or by heating the material to a higher temperature while applying an external electric field and then cooling to some lower temperature while the external field is maintained. In dipolar electrets, the reorientation of electrical polarization can only be achieved at temperatures where the dipoles are mobile. For most polymers of interest this occurs above the glass transition temperature. Dipolar electrets can also be formed by charge injection techniques wherein the electric field due to the imbedded charge causes dipole reorientation.
Electret Charging (Forming) Techniques
All electret-charging techniques are limited by internal and external electrical breakdown. The occurrence of internal breakdown depends on the dielectric strength of the material being charged. Most polymers have dielectric strengths on the order of a few MV cm -1 , thus polymers are able to sustain charge densities of a few tenths of a µC cm -2 without danger of breakdown (2) . The occurrence of external breakdown is very different. Many electret-charging techniques rely on external breakdown to generate charge carriers, which can deposit charge on the dielectric. Corona charging, for example, is based on the application of an electrical potential between two electrodes sufficient to create a corona discharge in the space between the electrodes, which is referred to as the gap. The majority of the energy dissipated in a corona discharge goes to excitation of the gas present in the gap and is responsible for the characteristic blue-indigo glow of the corona. Charge carriers are generated in the gas phase by a complex series of electron-molecule and ion-molecule collisions. The interaction of these charge carriers with the dielectric results in the deposition of charge at the surface.
Triboelectric Charging. Triboelectric charging is associated with the transfer of charge due to frictional contact between dissimilar dielectric materials. Triboelectric charging is composed of kinetic and equilibrium components. The kinetic component arises from the energy dissipated when two dissimilar materials are rubbed together. This leads to frictional heating at the area of contact, and thus charge transfer between the materials. The equilibrium component is also known as contact electrification. This arises from static contacts between different dielectric materials, leading to a transfer of charge. It is widely believed that contact electrification is affected by the relative electron affinities of the two contacting materials and differences in their work functions (3) (4) (5) (6) . Both of these quantities are related to how tightly bound electrons are to their respective nuclei. Many researchers have compiled extensive data organized into a triboelectric series (7) (8) (9) . The triboelectric series is arranged from materials that are electron accepting to those that are donating. The rationale being that one can choose materials with electron transfer properties that are complimentary.
Triboelectric charging requires intimate contact between the two surfaces being charged. The magnitude of charge transfer between the contacting surfaces is dependent on a number of variables, including: area of contact, force of contact, surface contamination, and environmental conditions such as temperature and relative humidity. Triboelectric charging has not been extensively used as an electret charging method due in large part to a lack of accurate reproducibility stemming from the variables cited above (2) .
Triboelectric charging has been used in the manufacturing of filtration media; however, there are limited numbers of polymer combinations that lend themselves to contact electrification. The earliest example of an electrostatic filter is the Hansen resin-wool filter (9) . A combination of wool fibers and resin particles were carded together resulting in a filter felt where the resin particles were negatively charged and the wool fibers, positively charged. A more recent example of contact charging of polymers is polypropylene and modacrylic. Modacrylic is a copolymer of acrylonitrile and vinyl chloride monomers. In needled felts and carded web filtration media, this combination of polymers in the form of staple fibers come in intimate contact during the manufacturing process. The polypropylene filaments acquire a net positive charge and the modacrylic a net negative (9) . One difficulty encountered with this approach to making an electrically charged filter medium is the fiber finish present on both these materials. While the finishes provide a lubricious surface for processing, they interfere with the transfer of charge between the materials.
Another method of charging which appears to rely heavily on triboelectric effects is hydrocharging (10) . Hydrocharging involves the use of a high pressure water jet directed through a nonwoven filter media in order to impart charge. It is reported that quite good filtration media can be made using the hydrocharging technique (10) . A drawback of the hydrocharging technique is the drying of the charged filters. If the drying is done at an elevated temperature, thermal charge carries are liberated within the dielectric leading to charge dissipation. If the web is insufficiently dried, the residual moisture can lead to fungal or bacterial contamination of the filter media during storage.
Thermal Charging. Thermal methods of charging electrets all involve the application of an electric field to a dielectric material at elevated temperature and subsequent cooling while the field is maintained. The early work of Eguchi (11, 12) on carnauba wax electrets involved the melting of the wax in an electric field followed by rapid cooling with field still applied. In electrets prepared from polar dielectrics, where the electrodes are vapor deposited directly on the dielectric material, the thermal charging gives rise to dipole orientation. However, the use of external electrodes results in air gaps at the dielectric/electrode interface that can lead to very complicated charging phenomena. Electrets made using this charging method are called thermoelectrets.
Isothermal Charging (Corona Poling and Spark Discharge Methods). Isothermal charging is a somewhat misleading term in that many charging techniques can be carried out at constant temperature. However, isothermal charging is widely accepted as referring to corona poling and spark discharge (1) . Corona poling, as its name implies, involves the application of a corona discharge to the implantation of charge in a dielectric material. The most significant advantage of corona poling is the speed of charging and the ease with which the corona is generated. Corona discharge relies on the breakdown characteristics of the gas present in the gap between a pair of electrodes. Many electrode geometries have been described (13), however, all rely on the generation of charge carriers in the gas phase for charge deposition on the dielectric. The majority of the energy dissipated within the corona discharge goes to the excitation of the gas. Collisions leading to energy loss result in charge carriers having energies of only a few tens of eV. These charge carriers deposit charge on the dielectric surface at depths of only a few nanometers (1 x 10 -9 m). Over time, charge trapped at the surface can move into the bulk and become retrapped at depths of several microns. This occurs only if sufficient charge carriers exist within the dielectric. A more exhaustive description of corona discharge and charge deposition can be found in references 13-15 and reference 1, respectively.
Corona poling can be applied to the charging of any dielectric material independent of physical form (i.e. film, fiber, or foam). Corona poling leads to the trapping of charge in energetically stable surface traps. The main disadvantage of corona poling is the non-uniform deposition of charge compared to that obtained by thermal charging techniques. Filtration media charged by corona poling likely benefit from this charging heterogeneity because it creates a non-uniform charge distribution within the media structure. This leads to very large inhomogeneous electrical fields within the media structure and increases the particle capture properties of the filter.
Spark discharge methods are similar to corona poling with the exception that an additional dielectric material of lesser resistance is introduced between the charging electrodes and the material being charged. The second dielectric acts a series resistor and prevents spark discharges from the electrodes from degrading the material being charged. Spark discharge is typically not used in the large-scale production of electret materials. The reader is referred to the following references for further information on spark discharge charging methods (2 and references therein).
Electron and Ion Beam Charging. Electron and ion beams have been used for the charging of film electrets, but typically not used for charging nonwoven or fibrous filtration media. Charge implantation with low energy electron or ion beams relies on the generation of a secondary electron cascade as a result of scattering of the primary beam within the bulk of the dielectric. Low energy secondary electrons and the slowed down primaries become trapped within the dielectric yielding an electret state, which depending on the material can have a very high stability. High-energy electron and ion beams (i.e. ionizing radiation) do not work well for electret charging because of the chemical damage caused to most dielectric materials as a result of radiation exposure. The damage leads to induced conductivity that destabilizes the implanted charge leading to recombination of positive and negative centers (2) .
The Photoelectret Process. The photoelectret process is mentioned here for completeness of this brief review. This process is used in the charging of photoactive materials (photoconductors, amorphous semiconductors, and the like). The process involves the application of an external electric field during exposure of the photoactive dielectric to light of the appropriate wavelength. Light absorption gives rise to charge carriers that are separated spatially by the applied field (2). This is not used in the charging of nonwoven or fibrous filtration media.
Electrostatic Filtration Media
Electrostatic filtration media encompass a broad class of materials that are capable of capturing and retaining airborne particulates through electrostatic interactions. The electrostatic interactions are the direct result of the electric fields generated by the presence of either uncompensated space charge or oriented dipoles present within the media structure. Many times electrostatic filtration media are referred to as "charged media". It is important to note, that the charge implantation occurring in the formation of an electret gives rise to strong inhomogeneous electric fields within the bulk of a filter media structure. It is the presence of these inhomogeneous electric fields that gives rise to the enhanced filtration properties of electret charged media. Inhomogeneous electric fields give rise to field gradients, which are necessary to cause the movement of particles within the filter structure. This is especially important for the attraction and capture of non-charged particles.
The capture of aerosolized particulates by electret charged filtration media relies on both Coulombic and dielectrophoretic forces. Aerosols are characterized by a distribution of neutral and charged particles. The distribution of neutral versus charged particles is governed by a Boltzmann distribution, which is a function of temperature and aerosol composition (16) . Neutral particles are captured by electret filter media via polarization effects induced by the inhomogeneous electric field within the media. Dielectrophoresis describes the motion of particles with either induced polarization or real charge within the media structure. A field gradient is needed to induce forces in neutral particles and cause their movement within the structure until capture. Charged aerosol particles are captured by strong Coulombic forces acting on the particles as they move in close proximity to the fibers that make up the porous filter structure.
Despite the common feature of all being "charged" filtration media, not all electret charged media are the same in terms of structure, charge distribution, stability, and magnitude of the internal electric fields. The earliest electrostatic filter, the Hansen resin/wool filter mentioned above, was charged by virtue of the frictional effects that occurred between wool fibers and pine resin particles (9) . Its filtration properties likely benefited from the irregular shape of the resin particles; the charge on these particles would have given rise to very complex electric fields within the filter structure.
Modern electret charged media differ from the Hansen filter in the sense that most are made from combinations of filaments. The filaments can have different cross-sectional area, shape, and composition. In addition, the filaments can have a finite length as in stable fibers for carded web media or the filaments can be continuous as in continuous filament meltspun media. Staple fiber filaments are typically mechanically crimped to improve how the filaments entangle during the carding process. Staple fiber media can be charged using any of the techniques discussed above. However, corona poling and triboelectric charging is the most common. In some cases the staple fiber filaments are made by fibrillation of a film, which has previously been electret charged (18, 19) . In this case, the final charge distribution in a finished filter media depends on the arrangement of charged filaments in the web structure.
Triboelectric Charge in Filtration Media. Triboelectric charging of filtration media is a direct consequence of the intimate contact between fibers within the filter media structure. Virtually all triboelectrically charged filtration media consist of two or more polymers, chosen for their characteristic charge transfer properties. As discussed above, the biggest drawback to triboelectrically charged media is the inconsistent manner in which charge is deposited within the media structure (2). The carding process yields a filter web with directionally dependent properties due to orientation of fibers in the machine direction. This necessitates the lapping of multiple webs and a process called needling in order to produce a densely packed randomized web structure.
The charge transfer mechanisms proposed for triboelectric charging involve surface states on the polymers (20) (21) (22) . The injection of electrons or holes leads to the development of negatively and positively charged domains, respectively. Williams et. al (22) examined triboelectrically charged polymers using x-ray photoelectron spectroscopy (XPS). This technique provides detailed chemical information about the surface of the material analyzed. Through the use of very thin coatings on a variety of polymer surfaces, they determined that the penetration depth for triboelectric charge was on the order of a few nanometers. Surface charge states are susceptible to ion pair absorption from the surrounding air, leading to charge compensation. In addition, surface contamination by lubricants used in the manufacturing process can give rise either to surface conductivity, which destabilizes trapped charge, or charge screening. Surface conduction leads to either charge compensation or recombination; each of these processes decreases the macroscopic electric field due to the trapped charges, and in turn, degrades filtration properties.
Fibrillated Films. Among the earliest examples of electrostatically charged filter media were fibrillated films. The process for making a fibrillated charged film is quite simple. A non-metalized film is electret charged using one of the charging techniques described above. The most common method of film charging is corona poling. The charged film is slit and stretched to form filaments with a ribbon-like structure and dimensions on the order of tens of microns. The ribbon-like filaments are then carded into a filter web. The charging of film electrets has been very extensively studied. Film electrets were first used as components of electret microphones (23) . The first example of a fibrillated electret film for air filtration came in the mid-1970's with the invention of "Filtrete" by van Turnhout et. al. (18) . The electret charging of a film leads to the deposition of positive and negative charge on opposite sides of the film structure. The fibrillation and carding processes serve to produce a somewhat random arrangement of fibrils within the finished filter web. The randomness of the structure is limited, however, by the web forming process. This in turn limits the degree of anisotropy in the distribution of charged domains within the filter web structure.
Fine Particle Filtration. The most significant benefit of electret charged filtration media is the ability to remove very small, aerosolized particles while maintaining low-pressure drop through the filtering medium. Fine particle filtration is defined as the removal of aerosolized particles below 1 micron in diameter. Sub-micron particles are much smaller than the void spaces present in most commercial electret media, yet due to the electrostatic forces within the media structure, they are removed with high efficiency. Small particles can also be problematic for electret filters. The effect of small particle contamination was recognized as early as the pioneering work of van Turnhout and coworkers (17). They found that the accumulation of dust in electrostatic filters prepared from fibrillated films degraded their filtration properties due to screening of the electrostatic forces (17). In fact, several studies of the dust loading and filtration performance of electrostatically charged media clearly showed that the deposition of sub-micron (<1 mm) particles leads to a progressive rise in filter penetration to dust loadings wherein mechanical entrapment begins to improve filter performance (24).
Conditioning of Electret Media: "Charge versus Structure." Concerns over the fine particle contamination of electrostatic media have spawned a number of initiatives aimed at "removing" the charge from the media in order to study mechanical filtration properties (25) . It is widely held that one can divorce the charge of an electret media from its structure, thus allowing one to study the mechanical filtration properties of the filter media independent of the electrostatic properties. The "conditioning steps or protocols" have called for the immersion of charged media in 2-propanol prior to dust collection efficiency testing (25) . Another, calls for exposure of the media to the exhaust gas of a diesel internal combustion engine (25) . The argument being made is that by "removing the charge" an accurate assessment can be made of the mechanical filtration properties of the media.
The proliferation of electrostatically charged filtration media in both the commercial/industrial and consumer filtration markets has been accompanied by several misconceptions regarding this important class of media. Chief among these is the tendency toward grouping all electrostatically charged media together as if all are the same. In this paper we highlight the filtration performance characteristics of continuous filament meltspun (CFM) media, which have been electrically charged to create a unique combination of structure and electrostatic charge. We present field study data collected for both electrically charged and non-charged media of the same structure, which illustrates the underlying mechanical filtration properties of the CFM media structure. In addition, both accelerated aging and long-term aging data will be presented in support of the stability of the electrostatic charge on the media. Finally, a critical evaluation is presented of the effects of the proposed 2-propanol conditioning step on the physical properties of polyolefin based filtration media. 
EXPERIMENTAL
32 L/min using a sodium chloride challenge aerosol. The TSI 3160 was also operated at a flow rate of 32L/min, however, a dioctylphthalate aerosol was used to challenge media. The TSI 3160 uses a particle size clarifier to size select the challenge particles based on electrophoretic mobility. Capture efficiency was determined by counting particles upstream and downstream of the media being tested. ASHRAE 52.2 filtration testing was performed at LMS Technologies, Inc.(Bloomington, MN) in compliance with guidelines set forth ANSI/ASHRAE 52.2 Standard.
Dynamic Mechanical Analysis. Dynamic mechanical analysis of polymer films was performed on a Rheometrics, Inc. RSA-2 Solids Analyzer. Samples were cooled to with liquid nitrogen -50ºC, and then heated at 1ºC/min. All films samples were characterized at constant strain amplitude and a frequency of 1 Hz.
RESULTS AND DISCUSSION
The results presented below represent a combination of laboratory and field studies of the filtration, physical, and electrical properties of continuous filament meltspun media. Comparisons are drawn between purely mechanical filtration media and electrostatically charged or electret filtration media.
HVAC Field and Environmental Studies

HVAC Field Studies
The in-service filtration performance of heating, ventilation, and air conditioning (HVAC) media was measured for purely mechanical filtration media, a non-electret CFM media, and an electret CFM media. The purely mechanical media was a 2.6 oz. yd -2 (osy) cottonpolyester HVAC media chosen to accurately represent the in-use performance of this class of filter. The electret CFM media was a 2.0 osy bicomponent polyolefin filter media charged by the corona poling method. The non-electret CFM media was identical in structure to the electret CFM media with the exception that the media was not charged. All the filter media were evaluated as pleat filters wherein the pleating characteristics were the same for each material. Sample filters prepared with each media type were subjected to operating environments that utilized 100% outdoor air, 100% indoor air, and a mixture of recirculated (indoor) and makeup (outdoor) air.
The objective of this field study was to compare the filtration performance of purely mechanical filters to that of an electret CFM pleat filter under the same conditions. In addition, the underlying mechanical filtration property of the CFM media was evaluated and compared to the purely mechanical filter media. Samples of pleated filters were exposed to a variety of environments where these media find continuous use for both commercial/industrial and residential applications. The study protocol called for the removal of filters at regular time intervals of up to 90 days in-service. Thus, a filter would be removed from the HVAC system being used in the study after a period of days (e.g. 30 days) and sent to an independent filtration-testing laboratory for ASHRAE 52.2 characterization. It is important to note that once a filter was removed and evaluated for filtration efficiency, it was not returned to the field test site. Rather, a new filter was placed in the field and the exposure clock restarted at zero time. As a result of this testing protocol, small filter-to-filter variations and the potential for disrupting the dust cake all contribute to variability in the filtration performance data. However, by using new filters for each time interval tested, used filters did not have to be shipped back and forth from the test sites or repeatedly handled during the study as this would have likely increased the variability of the results to an unacceptable level.
100% Outdoor Air Environment. Pleated filters were installed in the pre-filter bank of a two-stage filtration system servicing a hospital located in the Chicago, Illinois area. Filters remained in the unit for a total time of two months. Filters were removed from the system a various time intervals to characterize the filtration performance as media became The actual filtration performance (Figure 1) shows that the filtration efficiency (average efficiency for 3-10 micron particles, E3 value for ASHRAE 52.2) of the electret CFM media decreases during the first 15 days of the test. The decay in efficiency can be attributed to the capture of fine particle contaminants from the outdoor air as it passes through the media. Notably, the decrease in efficiency during this time period was <20% relative to the efficiency of a virgin filter. In addition, as the dust cake accumulates within the electret CFM media, the filtration efficiency recovers to a level only ca. 10% below that of the new filter. Initially, the purely mechanical cotton-polyester media had a filtration efficiency that was ca. 40% below that of the electret CFM media. While the efficiency of the mechanical media increased steadily over the course of the test, it never exceeded the filtration performance of the electret media.
The most striking finding of this study is that the initial efficiency of the cottonpolyester media is poor as compared to the electret media. This means that the new cotton-polyester media removes fewer contaminant particles when it is placed in service as compared to the removal efficiency of the electret media. Less particulate removal translates to more contaminant particles in the air downstream of the filter. A second finding, not unexpected, is that the efficiency of the electret CFM media decreased during initial exposure to outside air. This behavior is entirely consistent with the observation made in numerous studies (17,24). However, at no time during the field study did the filtration efficiency of the electret media deteriorate to the low level characteristic of the cotton-polyester media.
The outdoor air exposure study was extended to include a second hospital in the Memphis, Tennessee area. Filters were produced using non-electret CFM, electret CFM, and the cotton-polyester media described above. The objective of this part of the study was to characterize the mechanical filtration properties of the CFM media basic web structure independent of the electret effect. Again, comparative data were collected from both the electret CFM media and the purely mechanical cotton-polyester media.
Filtration efficiency data was obtained over a 90-day exposure period. As shown in Figure 2 , the electret CFM media drops in efficiency over the first 10-15 days in-service, and then regains efficiency as it loads with dust. The non-electret CFM media had an initial efficiency intermediate between that of the electret and cotton-polyester media. Its efficiency increases over the course of the test as the structure steadily builds mechanical efficiency during dust loading. The same behavior was observed for the cotton-polyester media; however, its initial efficiency was approximately half that of the electret media, and it was in service for approximately one month prior to achieving parity performance to the either of the CFM media types tested.
Notably, if one compares the results presented in Figures 1  and 2 , while the trends in performance are the same, the absolute results are different. In the first field study the cotton-polyester media never achieved parity performance with the electret CFM media. Whereas, in the second the filtration properties of the three media types tested became indistinguishable after about one month. This likely reflects differences in the outdoor air quality at the two test sites. Regardless, the initial filtration performance of the cottonpolyester media fell well below that of the electret CFM media and this condition persisted for upwards of one month after the filters were placed in service.
100% Indoor Air Environment. Pleated filters made using electret CFM media and mechanical cotton/polyester media were tested at residential locations in the Atlanta, GA. area. Filters were removed for ASHRAE 52.2 testing at regular time intervals up to 90 days. The ASHRAE 52.2 dust removal efficiency of these filters is shown in Figure 3 . The initial efficiency of the electret CFM media was greater than twice that of the cotton/polyester media. Initially, the electret CFM media displayed a small increase in efficiency after 10 days in-use. Examination of the filter indicated a large percentage of the contaminant present was in the form of small fiber fragments.
Figure 2 PLEATED FILTER FIELD STUDY CONDUCTED AT A MEMPHIS AREA HOSPITAL SITE UTILIZING 100% OUTDOOR AIR. FILTRATION EFFICIENCY IS THE AVERAGE EFFICIENCY OVER THE PARTICLE SIZE RANGE OF 3-10 MICRONS FOR A 16"X25"X2" FILTER AT 295 FPM FACE VELOCITY
It is believed that the presence of these fragments altered the mechanical filtration properties of the electret CFM media. Independent of this initial increase in efficiency, the electret CFM media displays a monotonic increase in efficiency with time in-service. Notably, the cotton/polyester media also displays a steady increase in efficiency with time in-service, indicative of increasing mechanical efficiency. However, the cotton/polyester media reaches a maximum efficiency of ca. 60% after one month, and does not achieve parity performance with the electret CFM media.
Mixture of Outdoor and Indoor Air. The final field study presented here involves the exposure of pleated filters to a mixture of outdoor (fresh) air and indoor (recycled) air. The study was performed in an office building within the Atlanta, GA. metropolitan area. Pleated filters made using electret CFM and cotton/polyester mechanical media were installed in the building HVAC system and tested according to the same protocol as outlined above for a period of up to 80 days.
The dust removal efficiency of these pleated filters after up to 80 days of exposure is shown in Figure 4 . Notably, the cotton/polyester mechanical media reaches a maximum efficiency after ca. 15 days in-use. The efficiency remains unchanged for the duration of the study. The electret CFM media initially has an efficiency more that twice that of the cotton/polyester media and maintains roughly a 2X advantage over the duration of the study. This data indicates that exposure of electret CFM filtration media to a mixture of outdoor and indoor air does not significantly degrade its filtration efficiency over the lifetime of the filter.
Effects of Humidity on Filtration Properties
Electret CFM media was tested in accordance with the ASHRAE 52.2 protocol as a function of increasing relative humidity in the challenge aerosol stream. Flat sheet media samples were tested for fractional filtration efficiency at normal conditions (70∞F (21∞C) and 50% rh) and media face velocity of 110 fpm. The same media sample was then conditioned at 80% rh , and then 90% rh and was retested at these conditions. The fractional filtration efficiency at each humidity level is shown in Figure 5 . Notably, the filtration efficiency was unaffected by relative humidity. In addition, while the increase in relative humidity alters the distribution of charged versus neutral particles in the challenge aerosol (16) , and water molecules adsorb to the aerosolized particulates, neither of these phenomena had any effect on the ability of the electret CFM media to capture and remove the contaminant from the air stream.
Effects of Long Term Storage on Filtration Properties
A number of concerns have been raised over the long-term stability of electret CFM media. Concern has focused on a loss of efficiency due to a decay of the electret charge present within the media structure. To address this issue two studies were conducted which focused on the effects of longterm storage on filtration properties. The first study involved storage of electret CFM media in a non-temperature controlled warehouse located in the Southeastern United States. The second study involved the accelerated aging of electret CFM media at 130 0 F for a period of six weeks.
In the first study, newly manufactured electret CFM media were tested for fractional efficiency in accordance with ASHRAE 52.2. The media were then packaged and stored in warehouse inventory for one and two years and then retested. Figure 6 shows that there is no significant difference in the efficiency of newly produced media and media aged for one year under warehouse storage conditions. A small decrease in efficiency was measured form media aged for two years under the same conditions. This decrease is limited to a narrow range of the smallest particle sizes tested (0.3 to 0.9 µm). At all other particles sizes tested the CFM media aged for two years in unchanged in performance relative to when it was initially manufactured and tested.
The second study involved the accelerated aging of electret CFM media at For this study, flat sheet media samples were cut to 8" squares and were wrapped in aluminum foil. The aluminum foil was sealed to form an air-tight pouch so that only the effect of temperature on filtration efficiency could be studied. The media was tested using a TSI Model 3160 Fractional Efficiency Tester at a flow rate of 32 L min -1 and a particle size of 0.03 mm using a dioctylphthalate challenge aerosol. The data shown in Figure 7 indicate no significant change in filtration efficiency over the six-week time period. Thus, even under very aggressive aging conditions the electret CFM media retains very high fine particle filtration efficiency. As a figure of merit, the filtration efficiency of non-electret CFM media under the conditions of this test is less than 2%. This further supports the fact that the electret effect is very resistant to age related decay under conditions relevant to its storage and use.
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Conditioning Treatments for Electrostatic Filtration Media
It has been proposed (25) that in order to examine the mechanical filtration properties of electrostatically charged or enhanced filtration media, the media be dipped or washed in a 2-propanol bath and dried prior to testing. The 2-propanol wash is intended to remove the electrostatic treatment yielding a noncharged media for testing. In the study presented here, we examined the effect of 2-propanol on the filtration properties of a variety of electrostatically charged filtration media. In addition, we examined the mechanical properties of the respective polymers following immersion in 2-propanol liquid at ambient temperature (ca. 75∞F).
The filtration properties of filter media before and after 2-propanol exposure were measured using a TSI Model 8110 Filtration Tester with a sodium chloride challenge aerosol. For liquid exposure, samples of media were immersed in 2-propanol for 10 min followed by airdrying for 12 h and oven drying at 80 0 C (the boiling point of 2-propanol) for 0.5 h. The data are shown in Table 1 below.
The data in Table 1 present a direct comparison between samples of media tested prior to electret charging, after electret charging, and after electret charging and immersion in 2-propanol. Notably, electret charging of each of the media types leads to a marked improvement in filtration efficiency. In addition, while immersing the media in 2-propanol clearly leads to deterioration in filtration efficiency; it does not restore the media to its original uncharged state. In order to fully understand the effect of 2-propanol on the filtration media, films were prepared from the polymers used in each media. The films were immersed in liquid 2-propanol and the solvent uptake was examined gravimetrically. In addition, dynamic mechanical analysis was enlisted to characterize the physical properties of the polymers before and after 2-propanol immersion.
Solvent Swelling: The intrusion of small molecules into polymers is a well-known phenomenon (26) (27) (28) . In general, small molecule penetrants diffuse into a polymeric material and cause a phenomenon referred to as swelling. C. The experiment measures the relationship between the stress and strain during the forced oscillatory deformation of the polymer specimen. DMA allows one to examine the relationship between polymer microstructure and physical properties at small strain amplitude. The experiment yields the dynamic storage and dynamic loss moduli, and the loss tangent or tangent of the phase angle over the range of temperatures measured. The tangent of the phase angle is very important because it is not affected by the sample or test geometry (29) . The tangent of the phase angle (Tan d) is very sensitive to mechanical transitions that occur in the polymer as a function of temperature. The phase angle for a perfectly elastic material is 0∞ (i.e. the stress and strain are in phase). For perfectly viscous fluids, the stress and strain are exactly 90 0 out-ofphase. Polymeric materials typically lie between these two extremes. Tan δ is also the ratio of the loss modulus to the storage modulus. In the present study, DMA was used to examine the polyethylene and polypropylene films following immersion of the films in 2-propanol for 60 minutes at ambient temperature.
Gravimetric Swelling. Film (2 mm thickness) prepared from the same type of polypropylene and polyethylene used in the manufacture of the electret CMA media was immersed in 2-propanol for periods of up to 60 min. Samples were removed at regular intervals, allowed to air dry, and then were weighed to the nearest 0.01 mg. Swelling is normally accompanied by an increase in mass of the polymer due to intrusion of the solvent molecules. Gravimetric swelling data are presented in Figure 8 . The weight percent solvent was defined as the quotient of the mass of solvent to the mass of polymer. The mass of solvent was calculated from the initial mass of polymer less its mass after immersion in 2-propanol. The extent of 2-propanol uptake by either the polyethylene or polypropylene films was small. Typically, about 0.05 wt% was the limit in terms of relative mass increase after immersion. Notably, the weight percent solvent varied up and down during the test and, in the case of polyethylene, the sample decreased in mass following immersion in 2-propanol.
The gravimetric swelling of polyethylene and polypropylene films clearly indicates that 2-propanol behaves as a small molecule penetrant for both polymers. This was surprising given that fact that aliphatic alcohols are not considered good solvents for polyolefins (32). Perhaps the most noteworthy finding was that several film samples suffered a net mass loss as a result of immersion in 2-propanol. This was due to the removal of low molecular weight material from each of the films tested. Infrared spectroscopic analysis of residue obtained by extraction with 2-propanol indicated that the material removed was low molecular weight polymer.
Dynamic Mechanical Analysis. To further investigate the effects of 2-propanol immersion, films of polypropylene were examined by DMA . Polyethylene films were also examined
Figure 8 GRAVIMETRIC SWELLING OF POLYPROPYLENE AND POLYETHYLENE FILMS DURING IMMERSION IN 2-PROPANOL
by DMA, however, because the glass transition temperature (T g ) of polyethylene occurs at very low temperature, it is difficult to measure accurately, and in some cases to observe. Polypropylene, on the other hand, gives rise to a peak in Tan δ due to the glass transition over the temperature range of -20 0 C to about 10 0 C. The exact position of the peak is dependent on a number of variables, however; if these are kept constant then the shift in T g can be measured accurately.
Two types of polypropylene film sample were analyzed by DMA following immersion in 2-propanol. The first was a compression molded film which was allowed to cool slowly to form a spherulitic crystalline morphology. The second was an extrusion cast film, which was oriented and quenched to yield a row-nucleated crystalline morphology. These two samples were chosen in order to simulate two possible extremes of polypropylene microstructure that might occur in filtration media. The T g measured before and after 2-propanol immersion is given in Table 2 .
In both cases, very significant increases in T g result from immersion of the film samples in 2-propanol. The difference in the T g between the two control samples (i.e. prior to immersion) is due to effects of orientation within the amorphous phase of the polypropylene. The increase in T g observed following immersion in 2-propanol is due to a shift in the molecular weight distribution caused by dissolution of low molecular weight polymer (33) . The loss of low molecular weight polymer observed in the gravimetric swelling experiments and confirmed by both infrared analysis and DMA, clearly show that 2-propanol is not passive in its effect on the polymers used to manufacture the electret CFM media.
A final experiment was conducted in an attempt to remove all traces of 2-propanol from film samples following immersion in the solvent. Films were immersed in 2-propanol for 60 min, dried and placed in a vacuum oven for several days. Films samples were then analyzed by headspace gas chromatography. Headspace GC allows one to detect trace amounts of volatile materials present in a solid. In all cases, 2-propanol was still present in the polymers even after several days' storage in vacuo.
The combination of gravimetric swelling, dynamic mechanical analysis, and headspace GC clearly show that immersion of polyolefin filtration media in 2-propanol is not a passive "conditioning treatment". The 2-propanol causes swelling and dissolution of low molecular weight polymer resulting in a material with different mechanical properties. In addition, analyses of the filtration properties of a variety of electret media clearly indicate that the 2-propanol immersion does not remove the electret effect. The changes observed in filtration properties observed following 2-propanol immersion are due to penetration of the solvent into the polymer matrix. This causes irreversible changes to the polymer, which results in a decay in filtration properties. It is possible that the 2-propanol gives rise to conductive pathways in the bulk polymer leading to charge recombination or compensation. However, the fact that the filtration properties of media that has been immersed in solvent are not the same as those of non-electret media invalidates the 2-propanol immersion as a conditioning step.
Conclusion
A brief review of electret charging techniques provided the background for a discussion of different types of electrostatic filtration media. The comprehensive field studies of pleated filters made using electret CFM media and purely mechanical cotton/polyester media clearly demonstrates the overall superiority of the electret CFM media over the lifespan of the filter. While small particle contaminants were observed to cause decay in the efficiency early in the lifetime of electret CFM media, the building of mechanical efficiency in these filters compensates for this loss and yields a filtering medium with better initial efficiency and better long term filtration efficiency as compared to cotton/polyester media of equivalent basis weight. In addition, it was shown that non-electret CFM media also provide better initial efficiency as compared to cotton/polyester media and maintain parity performance to the same over lifetime of the filter. The combination of structure and electret charge, which exists in the electret CFM media yields a more efficient filter overall.
In addition, evidence has been presented which refutes the use of "conditioning treatments" which decouple electrostatic effects from mechanical efficiency. The 2-propanol immersion was clearly shown to cause irreversible changes to electrostatically charged media, which are related to dissolution of low molecular weight polymer by the solvent. Once exposed, the 2-propanol is at best difficult and at worst impossible to remove from the polymers used in manufacturing electret CFM media. Thus, rather than being a passive treatment, the 2-propanol immersion yields material with vastly different mechanical and filtration properties, which do not reflect those of non-electret charged media of the same structure. 
